Fibrocartilaginous tissues such as the meniscus serve critical load-bearing roles, relying on arrays of collagen fibers to resist tensile loads experienced with normal activity. As these structures are frequently injured and possess limited healing capacity, there exists great demand for tissue-engineered replacements. Toward recreating the structural features of these anisotropic tissues in vitro, we employ scaffolds composed of co-aligned nanofibers that direct mesenchymal stem cell (MSC) orientation and the formation of organized extracellular matrix (ECM). Concomitant with ECM synthesis, the mechanical properties of constructs increase with freeswelling culture, but ultimately failed to achieve equivalence with meniscal fibrocartilage. As mechanical forces are essential to the development and maintenance of musculoskeletal tissues, this work examined the effect of cyclic tensile loading on MSC-laden nanofibrous constructs. We hypothesized that loading would modulate the transcriptional behavior of MSCs, spur the deposition of ECM, and lead to enhancements in construct mechanical properties compared to free-swelling controls. Fiber-aligned scaffolds were seeded with MSCs and dynamically loaded daily in tension or maintained as nonloaded controls for 4 weeks. With mechanical stimulation, fibrous gene expression increased, collagen deposition increased, and the tensile modulus increased by 16% relative to controls. These results show that dynamic tensile loading enhances the maturation of MSC-laden aligned nanofibrous constructs, suggesting that recapitulation of the structural and mechanical environment of load-bearing tissues results in increases in functional properties that can be exploited for tissue engineering applications.
Introduction
T he meniscus is a dense fibrocartilaginous tissue that plays a crucial role in normal knee function.
1,2 These semilunar wedges, situated between the femoral condyles and tibial plateau, function to transfer and absorb loads by redirecting vertical forces laterally, efficiently converting compressive into tensile loads via a hoop-stress mechanism. 3 These forces are borne by a highly organized extracellular matrix (ECM) composed of circumferentially oriented collagen bundles that form the bulk of the tissue and instill mechanical anisotropy, a characteristic vital to the function of the tissue. [4] [5] [6] Compositionally, collagens make up 85%-95% of the tissue, 7, 8 whereas proteoglycans, comprising 2%-3% of the dry weight, are concentrated in the more cartilage-like inner region and contribute to the compressive properties of the tissue. 9, 10 With normal physiologic loading, forces several times body weight arise within the knee. 11, 12 Given the high tensile stiffness in the circumferential direction (65) (66) (67) (68) (69) (70) (71) (72) (73) (74) (75) (76) (77) (78) (79) (80) , 13 the menisci transmit 50%-100% of these forces with strains of only to 2%-6%. 14, 15 While the meniscus functions well with normal use, damage may occur as a result of traumatic events and/or age-related degenerative processes. 16, 17 Meniscal damage frequently manifests in the form of tears that disrupt the circumferentially aligned collagen fiber architecture, thereby abrogating normal mechanical function, increasing stresses on the adjacent articular surfaces, and initiating osteoarthritic sequelae in the joint. 2, 18 The current standard of treatment for such tears is resection of the damaged portion of the tissue through partial or total meniscectomy, a procedure that fails to restore normal mechanics in the knee and predisposes the patient to precocious osteoarthritic changes. 19, 20 Thus, there exists considerable clinical demand for a repair strategy that restores meniscal function and protects against further deleterious changes in the joint.
With the eventual goal of replacing damaged meniscus with engineered fibrocartilage that has structural, mechanical, and biochemical features similar to the healthy native tissue, we have employed aligned nanofibrous scaffolds. 21 These scaffolds are formed by the electrospinning process, wherein a polymer solution is drawn into fiber form through a voltage gradient and collected layer by layer on a grounded surface. 22 With focused deposition onto a rotating mandrel, this simple electrostatic process produces threedimensional scaffolds composed of aligned polymer fibers with tunable mechanical and structural anisotropy. [23] [24] [25] Beyond mimicking the microstructural features and length scales of natural collagenous ECMs, aligned nanofibrous scaffolds recapitulate the mechanical behavior and structural organization of anisotropic fiber-reinforced soft tissues such as the meniscus. 26 Most importantly, these scaffolds serve as an instructive three-dimensional micropattern for directed cell-mediated collagen-rich ECM deposition. On poly(ecaprolactone) nanofibrous scaffolds, numerous cell types will align, deposit ordered collagen, and increase construct tensile properties in the direction of nanofiber alignment. 21 Conversely, when seeded on randomly oriented nanofibers, cellular orientation and matrix deposition is disorganized and so the resulting changes in mechanical properties are marginal.
Mesenchymal stem cells (MSCs) are a cell type especially amenable to instruction from a nanofibrous microenvironment. MSCs are a self-renewing population of multipotent cells under widespread investigation for applications in regenerative medicine, 27, 28 and in particular, we have explored their utility as a cell source for engineering fibrocartilaginous tissues such as the knee meniscus and the annulus fibrosus of the intervertebral disc. 21, 29 These cells may be directed along numerous tissue-specific lineages by modulation of their chemical, mechanical, and topographical environment. 30, 31 On nanofibrous scaffolds in the presence of transforming growth factor-beta 3 (TGF-b3), MSCs adopt an elongated morphology and express fibrous over chondrogenic markers in a chemical environment permissive to both phenotypes. 32 Previous studies conducted in static, free-swelling conditions showed that MSCs synthesize organized fibrocartilaginous ECM on aligned nanofibrous scaffolds, leading to increases in the tensile modulus of cell-scaffold constructs. 21 However, even with long-term culture (100 days), endpoint tensile properties reached a maximum of 30 MPa, a value below native meniscus tissue by two-fold or more. 33 While results from these studies indicate MSCs in conjunction with aligned nanofibrous scaffolds hold promise for engineering anisotropic fibrocartilage, free-swelling culture does not provide sufficient stimuli to drive tissue formation toward functional equivalence with the native meniscus.
Load transmission is not only the chief function of musculoskeletal tissues, but also a driving force vital to their development and homeostatic maintenance. 34 For instance, the absence of forces in avian hind limbs inhibited the normal patterning and formation of tendons. 35 In forming synovial joints, contracting peripheral musculature plays a fundamental role in progenitor cell fate commitment and subsequent joint cavitation and morphogenesis. 36 In specific regard to the meniscus, while the early stages of meniscal formation proceed normally in the developing knees of immobilized chick embryos, these tissues ultimately fail to mature and are eventually resorbed in the absence of load transmission. 37 Based on these observations, there has been much interest in recapitulating physiologic forces in vitro toward spurring the development of engineered musculoskeletal tissues. 38 Cyclic compression of cartilage constructs enhances mechanical and biochemical outcomes 39 and repeated tensile loading promotes matrix gene expression, deposition, and tissue maturation for tendon and ligament applications. 40, 41 Notably, Lee and coworkers performed short-term stretching (3 days) of ligament fibroblasts on thin layers of aligned nanofibers, detecting an increase in collagen production with loading that was sensitive to cellular orientation. 42 Toward enhancing the formation of MSC-based tissues, reports indicate that cyclic compression of hydrogel constructs reinforces MSC chondrogenesis, [43] [44] [45] and cyclic tension of fibrin gels upregulates fibrous gene expression. 46 Taken together, these studies demonstrate that dynamic loading representative of physiologic loading can drive MSC differentiation, modulate biosynthetic activity, and lead to the production of engineered replacement tissues that better approximate their native counterparts.
Based on these findings, the current study explored the effects of dynamic tensile loading on MSC-seeded aligned nanofibrous scaffolds. After establishing a fibrochondrogenic population of aligned MSCs, we hypothesized that tensile stimulation would upregulate fibrous markers representative of fibrocartilage, increase the production of collagenous ECM, and, as a result, improve the functional properties of constructs. Toward this end, a bioreactor system was designed and validated for dynamic loading of nanofibrous constructs during in vitro culture. The effects of cyclic tension on the long-term maturation of MSC-seeded aligned nanofibrous scaffolds were examined, with transcriptional, biochemical, and mechanical changes examined over 4 weeks of cyclic loading.
Materials and Methods

Scaffold fabrication
For bioreactor validation and cell-seeded studies, separate, aligned, nanofibrous meshes were produced via electrospinning as described previously. 21 Briefly, a 14.3% w/v solution of poly(e-caprolactone) (80 kDa; Sigma-Aldrich, St. Louis, MO) was dissolved in a 1:1 solution of tetrahydrofuran and N,N-dimethylformamide (Fisher Chemical, Fairlawn, NJ). This solution was supplied to the spinneret tip at a rate of 2 mL/h via syringe pump (KDS100; KD Scientific, Holliston, MA). A power supply (ES30N-5W; Gamma High Voltage Research, Ormond Beach, FL) was used to apply a + 10 kV potential difference between the spinneret and the aluminum mandrel (Ø = 2¢¢). Aluminum shields were charged to + 5 kV to aid in directing the transiting electrospun fibers toward the mandrel, which was charged to -3 kV. To induce fiber alignment, the mandrel was rotated via a belt mechanism conjoined to an AC motor (Pacesetter 34R; Bodine Electric, Chicago, IL) to achieve a linear surface velocity of *10m/s. Nanofibers were collected over a spinneret-mandrel distance of 15 cm for 4 h, resulting in mats of *600 mm thickness.
Cyclic tension bioreactor
A custom bioreactor was designed and constructed for applying cyclic sinusoidal deformations to cell-seeded nanofibrous scaffolds during in vitro culture (Fig. 1) . The device is founded on a stepper motor linked to a bi-directional lead screw, which drives the opposing motion of two sliding carriages (BiSlide; Velmex, Bloomfield, NY). Before tensile loading, samples were mounted and cultured in custom polysulfone fixtures (Fig. 1) . These autoclavable and chemically inert sample grips engaged the sliding carriages via anodized aluminum mounting arms, and additionally served to maintain the positioning of samples during rest periods. This modular design enables ready insertion, loading, and removal of sets of samples, allowing multiple experimental groups to be loaded daily. To maintain sterility, the entire assembly was covered by an acrylic lid, which also provided a means for sample observation during loading. Heat generated by the stepper motor was removed from the incubator via a coolant-circulating heat sink (Koolance, Auburn, WA). Motion of the stepper motor was defined via control software (COSMOS; Velmex) to execute a variety of waveforms with a resolution of 6.4 mm (defined by a single step of the motor). The maximum carriage velocity was 38 mm/s and sample lengths were maintained at 48 mm, translating to a maximum strain rate of 160%/s given the linked and opposite translations of the two carriages. In this work, the device was programmed to approximate sinusoidal waveforms equating to 3% strain amplitude (0%-6% strain) at a frequency of 1 Hz.
Bioreactor validation and fatigue testing
Before dynamically loading cell-seeded scaffolds, programmed carriage motions were confirmed to translate to accurate and repeatable deformations of nanofibrous scaffolds. Acellular scaffolds (5 · 60 mm) were airbrushed with black enamel to generate surface texture and placed within the bioreactor. Loading was initiated, and images of the central 50% width of each specimen were captured for subsequent texture-correlation analysis via Vic2D to determine two-dimensional Lagrangian strain (Correlation Solutions, Columbia, SC). With an applied deformation to sub-yield strains, aligned nanofibrous scaffolds develop nonrecoverable slack causing the sample to move out of the plane of focus. Therefore, samples were prestrained to 1%, and then cyclically loaded an additional 5% up to 1000 cycles. In additional studies, acellular scaffolds were loaded to 6% strain for either 108,000 or 216,000 cycles in PBS, a number of cycles equivalent to that experienced by cell-seeded constructs.
Cell isolation, expansion, and seeding
MSCs were isolated from tibial and femoral bone marrow of two 3-6-month-old calves (Research 87, Boylston, MA) as described in Ref. 47 . Briefly, marrow was freed from the trabecular spaces via agitation in Dulbecco's modified Eagle's medium (DMEM) supplemented with 300 units/mL heparin. After centrifugation for 5 min at 500 g, the pelleted matter was resuspended in DMEM containing 1 · penicillin/ streptomycin/Fungizone and 10% fetal bovine serum and plated in 150 mm tissue culture dishes. Adherent cells formed numerous colonies through the first week, and were subsequently expanded through passage 2 at a ratio of 1:3.
Scaffolds (60 · 5 mm, with the long axis oriented in the direction of nanofiber alignment) were sterilized and rehydrated in decreasing concentrations of ethanol (100%, 70%, 50%, and 30%; 30 min/step), concluding with two washes in PBS. A 100 mL aliquot containing 1 · 10 6 MSCs was loaded onto each side of the scaffold followed by 1 h of incubation to allow for cell attachment. After seeding, cell-scaffold constructs were cultured individually in custom troughs (to accommodate the large sample length) for 6 weeks in chemically defined medium (high-glucose DMEM with 1 · penicillin/streptomycin/Fungizone, 0.1 mM dexamethasone, 50 mg/mL ascorbate 2-phosphate, 40 mg/mL L-proline, 100 mg/mL sodium pyruvate, 6.25 mg/mL insulin, 6.25 mg/ mL transferrin, 6.25 ng/mL selenious acid, 1.25 mg/mL bovine serum albumin, and 5.35 mg/mL linoleic acid containing 10 ng/mL TGF-b3).
Tensile loading
After this initial 6-week preculture period, constructs were transferred to fixtures for long-term dynamic mechanical stimulation. Each day, constructs were mounted into the bioreactor and cyclically loaded to 6% strain at a frequency of 1 Hz for 3 h. During rest periods, construct assemblies were placed on an orbital shaker to ensure even nutrient distribution to all samples. To serve as nonloaded controls, an additional set of constructs were clamped in identical fixtures and maintained for the duration of the study on the orbital shaker. Medium changes occurred every 2 days.
Mechanical testing
Acellular scaffolds from fatigue loading and cell-seeded constructs were mechanically tested through uniaxial extension to failure to determine tensile properties. Before testing, cross-sectional area was determined at four locations along the length of each sample with a custom laser-LVDT measurement system. 48 Testing was performed with an Instron 5848 Microtester (Instron, Canton, MA). After a 0.1N preload for 60 s to remove slack, gauge length was noted, and samples were extended to failure at a rate of 0.1% of the gauge length per second. Stiffness was determined over a 1% strain range from the linear region of the force-elongation curve with a custom MATLAB script. Using the crosssectional area and gauge length, Young's modulus was calculated from the analogous stress-strain curve. Gauge lengths were maintained across groups and time points, to enable the comparison of stiffness among samples.
Biochemical and gene expression analyses
After mechanical testing, samples were stored at -20°C until processing to determine biochemical composition. Samples were digested in papain as in Ref. 47 and assayed for DNA, sulfated glycosaminoglycan (GAG), and collagen content using the Picogreen double-stranded DNA (Molecular Probes, Eugene, OR), DMMB dye-binding, 49 and orthohydroxyproline 50 assays, respectively. Hydroxyproline content was converted to collagen as in Ref. 51 , using a factor of 7.14.
An additional portion of each construct was finely minced and homogenized in TRIZOL (Invitrogen, Carlsbad, CA). Total RNA was extracted in phenol/chloroform and reverse transcribed as in Ref. 52 . Real-time polymerase chain reaction was carried out with intron-spanning primers for type I and II collagen, fibronectin, lysyl oxidase, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Starting quantities of target transcripts were determined by the standard curve method and normalized to GAPDH levels determined similarly.
Statistical analysis
Analysis of variance (ANOVA) was carried out with SY-STAT (v10.2, Point, Richmond, CA), with Bonferroni post hoc tests used to make pair-wise comparisons between groups when necessary. Significance was set at p £ 0.05. For acellular scaffold studies, a one-way ANOVA was performed with the factor of loading duration. To test significance in biochemical and mechanical data of cell-seeded studies, two-way ANOVAs were performed with culture duration and application of loading as independent factors. Gene expression results were tested with a one-way ANOVA with application of loading as the single factor. To assess agreement between programmed bioreactor deformations and resulting strains, Bland-Altman limits of agreement (bias -standard deviation) were computed. All data are presented as the mean -the standard deviation.
Results
Bioreactor validation and fatigue loading
To confirm that strains applied by the bioreactor were accurate and reproducible, texture correlation was used to determine two-dimensional strains of acellular scaffolds during loading. Average surface strains approximated a sinusoidal waveform and consistently achieved the target strain of 6% over 1000 cycles (Fig. 2A) . When comparing theoretical and applied strains over the thousandth cycle, the Bland-Altman limits of agreement were -0.004 -0.003 strain. Surface strains across the central 50% width of each scaffold were homogeneous at the peak and trough of both initial and late loading cycles, where the standard deviation in strain across the area of interest was < 0.005 across all cycles analyzed (Fig. 2B) .
To examine the effect of repeated deformations on scaffold mechanical properties, acellular scaffolds were cyclically loaded for either 108,000 or 216,000 cycles, equivalent to the number of loading events encountered by cell-seeded constructs with loading at 1 Hz for 3 h per day over a 2-or 4-week period. After 108,000 cycles, the tensile stress response of scaffolds decreased slightly, particularly at higher strains (5%-10% region, Fig. 2C ), with this translating to an 11% decrease in tensile modulus ( p < 0.01, Fig. 2D ). Normalizing to the stiffness of nonloaded controls, the equivalent of 2 weeks of loading led to a 6% decrease in stiffness ( p < 0.01, Fig. 2E ). An additional 108,000 cycles did not elicit further changes in the stress-strain response ( p = 1.0), suggesting that after these initial decreases, additional loading did not further compromise acellular scaffold mechanical properties.
Construct preculture and effect of dynamic culture conditions
Fiber-aligned nanofibrous scaffolds were seeded with MSCs and precultured for a period of 6 weeks, after which samples were either loaded daily for an additional 2 or 4 weeks or maintained as nonloaded controls (Fig. 3) . During the preculture period, constructs were cultured individually under static conditions where the media remained unperturbed. Under these conditions, MSCs colonized scaffolds and simultaneously elaborated a functional fibrocartilaginous matrix, consistent with previous studies. 21 The production of collagen and proteoglycans, key matrix constituents of fibrocartilage, was evident from biochemical assays (Fig. 4B,  C) and by histologic staining (Fig. 5) .
After the initial 6-week preculture period, all remaining constructs were placed in fixtures designed to interface with the bioreactor and cultured upon an orbital shaker to ensure even nutrient distribution across samples. With 2 weeks of culture under dynamic media conditions, a marked loss in proteoglycan content of both loaded and nonloaded constructs was evident, with nearly a 50% reduction in GAG content (Fig. 4C) . After this initial decline, nonloaded controls continued to lose proteoglycans ( p < 0.001 vs. week 8), whereas loaded constructs reached a steady state ( p = 1.0 vs. week 8). This proteoglycan loss was readily apparent when comparing cross sections of precultured and week 10 constructs stained for proteoglycans (Fig. 5) . Dynamic culture did not adversely impact collagen content, as both loaded 1448 BAKER ET AL.
and nonloaded constructs continued to accrue collagen after the preculture period (Fig. 4B) .
Effect of dynamic loading on construct maturation
Dynamically loaded and nonloaded control constructs were analyzed for biochemical content at weeks 8 and 10.
Over the first 2 weeks of cyclic conditioning, there was a significant decrease in DNA content in loaded constructs compared to both preculture samples and nonloaded controls ( p < 0.001, Fig. 4A ). DNA content did not decrease further with an additional 2 weeks of loading ( p = 0.62). Despite a decrease in cellularity due to loading, cells continued to secrete collagenous matrix. At week 8, both loaded and nonloaded constructs increased in collagen content relative to preculture values, with no difference between groups at this time point ( p = 1.0, Fig. 4B ). However, while the collagen content of nonloaded controls plateaued by week 10 ( p = 1.0 vs. week 8), mechanically conditioned constructs continued to accrue collagen ( p < 0.001 vs. week 8). At the terminal time point, dynamically loaded constructs contained more collagen than nonloaded controls ( p < 0.005). Construct cross sections stained for collagen revealed slightly more intense staining in loaded constructs as compared to nonloaded controls (Fig. 5) . No differences in proteoglycan content were observed with mechanical loading ( p > 0.79, Fig. 4C ), consistent with Alcian blue staining (Fig. 5) .
Mechanical properties of constructs at the beginning and end of the preculture period, and loaded samples and nonloaded counterparts at weeks 8 and 10 were evaluated in tension. Overall, increases in construct tensile properties   FIG. 3 . Study design. Aligned nanofibrous scaffolds were seeded with mesenchymal stem cells (MSCs) and precultured for an initial 6-week period under static culture conditions. After this, samples were either loaded daily or maintained as nonloaded controls for up to an additional 4 weeks. Constructs were harvested at weeks 6, 8, and 10 for analysis.
FIG. 2. Bioreactor validation and fatigue testing of acellular scaffolds. (A)
Average surface strains determined by texture correlation of acellular scaffolds preloaded to 1% strain and cyclically loaded to 6% strain at 0.1 Hz. (B) Representative strain maps of speckled scaffolds at minimum and maximum deformation during cycle 1 and 1000. Values within each image denote the average -standard deviation strain values taken across each region of analysis. Average stress-strain curves (C), tensile modulus (D), and percentage change in stiffness (normalized to nonloaded scaffolds) (E) after 2 weeks (108,000 cycles) or 4 weeks (216,000 cycles) of loading to 6% strain at 1 Hz (n = 6, *p < 0.05 vs. nonloaded samples). Color images available online at www.liebertonline.com/tea were reflective of changes in collagen content. As constructs accumulated collagen throughout the preculture period, the mechanical properties of week 6 constructs increased relative to week 0 values ( p < 0.05, Fig. 6A ). By week 8 (2 weeks after loading started), all samples had increased in modulus relative to preculture values, although no difference was detected between loaded and nonloaded constructs ( p = 1.0). However, an additional 2 weeks of cyclic conditioning induced a 16% increase in the tensile modulus of loaded samples compared to nonloaded controls ( p < 0.001). This increase in modulus was evident in average stress-strain plots of week 10 constructs, where loaded samples revealed a higher linear region slope than nonloaded controls (Fig. 6B) .
While modulus is an intrinsic property of a material, changes in sample cross-sectional areas can preclude this measure from representing the actual changes in stiffness due to the production of load-bearing matrix. To eliminate any error introduced by alterations in cross-sectional area (observed in loaded constructs), gauge lengths were maintained identically across the entire study to enable the fair comparison of stiffness. Quantifying the percentage change relative to scaffold stiffness at week 0, the tensile contribution of newly synthesized ECM due to dynamic loading was isolated (Fig. 6C ). While differences in stiffness were less exaggerated than those observed with tensile modulus, the identical trend was observed. After an initial increase in stiffness over the preculture period, 2 weeks of loading revealed no differences as a result of cyclic conditioning ( p = 1.0). However, with an additional 2 weeks of conditioning, loaded constructs continued to increase in stiffness ( p < 0.001 vs. week 8), whereas nonleaded controls plateaued at 8 week levels ( p = 1.0 vs. week 8).
Modulation of gene expression with dynamic loading
To better understand the molecular underpinnings of these biochemical and mechanical changes with tensile conditioning and dynamic culture, real-time reverse transcription- polymerase   FIG. 4 . Effect of dynamic culture and tensile loading on biochemical content. Total DNA (A), collagen (B), and glycosaminoglycan (GAG) (C) content of MSC-seeded constructs after preculture (week 6), and with up to 4 weeks of daily cyclic loading (n = 6, *p < 0.05 vs. nonloaded controls, + p < 0.05 vs. precultured constructs).
FIG. 5.
Histological assessment of long-term dynamically loaded MSC constructs. Representative cross sections of precultured samples (week 6), and nonloaded controls and loaded constructs at week 10 stained with DAPI for cell nuclei, Picrosirius Red for collagens, and Alcian blue for proteoglycans (scale: 500 mm). Color images available online at www.liebertonline.com/tea 1450 BAKER ET AL.
chain reaction was performed on MSC-laden precultured constructs (week 6) and loaded/nonloaded constructs (week 10). Consistent with the increases in matrix content and tensile properties, cyclic loading had a pronounced effect on the expression of matrix and matrix-associated genes (Fig. 7) . Four weeks of loading resulted in a two-fold increase in collagen I expression compared to nonloaded controls ( p < 0.001), with no effect on collagen II expression ( p = 1.0). Fibronectin, which is responsible for cell binding to the surrounding ECM and is a precursor to collagen deposition, 53 increased by two-fold with conditioning ( p < 0.001). Likewise, lysyl oxidase, an enzyme that cross-links collagen fibrils, was significantly upregulated in loaded constructs compared to nonloaded controls ( p < 0.001). Interestingly, compared to precultured samples, collagen II expression decreased markedly in both loaded and nonloaded samples ( p < 0.001, Fig. 7 ) and collagen I and fibronectin increased in nonloaded controls ( p < 0.05). Whether these changes were due to media agitation or are characteristic of the natural evolution of MSC-based nanofibrous constructs remains to be determined.
Discussion
With the goal of engineering in vitro tissues with biochemical and mechanical properties approximating native meniscal fibrocartilage, this study explored the effects of dynamic tensile stimulation on MSC-laden nanofibrous constructs. These constructs are founded on biocompatible and biodegradable scaffolds composed of aligned polymer nanofibers. The organization of nanofibers, which mimics the architecture of fibrous tissues such as the meniscus, dictates cell alignment and the organization of cell-deposited ECM. 21 In previous studies, the deposition of anisotropic fibrocartilaginous matrix under free-swelling, static culture conditions lead to demonstrable increases in the tensile properties of aligned nanofibrous constructs. However, even with long-term culture, the mechanical properties of constructs failed to achieve parity with native meniscus. Based upon abundant evidence that mechanical forces are necessary for the development and maintenance of load-bearing tissues, this study explored the effect of cyclic tension, the predominant loading modality of the meniscus, on the maturation of engineered constructs. With dynamic tensile stimulation that approximates the strains seen by meniscal fibrocartilage in vivo, we observed upregulation of fibrous gene expression and increases in the production of collagen, and demonstrated, for the first time, increases in the functional properties of tissue-engineered nanofibrous constructs.
In this work, we employed MSCs, a multipotent and readily available cell source that can be expanded in vitro for construct formation and can be induced to undergo fibrochondrogenic differentiation. MSC activity and fate decisions are sensitive to the cues they receive from their 
FIG. 7.
Modulation of matrix-associated gene expression. Expression of collagen I, collagen II, fibronectin, and lysyl oxidase normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression levels for precultured samples (week 6) and loaded constructs or nonloaded controls at week 10 (n = 6, *p < 0.05 vs. nonloaded controls, + p < 0.05 vs. precultured constructs).
surrounding microenvironment, which may arise from soluble or matrix-bound signaling molecules, 54 topographical features that inform cell shape and cytoskeletal organization, 55 passive mechanics such as matrix elasticity, 56 as well as active mechanical inputs 57, 58 (for review, see Refs. 30, 31 ). In this study, the microenvironment is both complex and dynamic, as MSCs respond to and modulate their surroundings over the course of culture. MSC-laden nanofibrous constructs were cultured in the presence of TGF-b3, which promotes matrix synthesis 59 and can modulate MSC phenotype. 60 Beyond soluble factors, a topography of aligned nanofibers drives MSCs to adopt an elongated cell morphology with prominent actin stress fibers oriented in the direction of nanofiber alignment. 32 Coincident with these changes in shape, MSCs reduce chondrogenic markers, and upregulate fibrous gene expression compared to traditional pellet cultures. In addition to these passive cues, MSCs are highly sensitive to external mechanical perturbations, which can modulate phenotype depending on the modality of loading (i.e., compression vs. tension), 31 as well as the direction of loading with respect to the orientation of the cell. 61 Connelly and coworkers dynamically loaded MSCs within fibrin gels in tension and observed increases in type I collagen gene expression and protein production and no changes in traditional chondrogenic markers such as collagen II or aggrecan transcription or proteoglycan synthesis. 46 Paralleling these results, MSCs in this study responded to dynamic tensile stimulation with an increase in the expression of type I collagen, fibronectin (a precursor to collagen production 53 ), and lysyl oxidase (a collagen fibril stabilizer and cross-linker) (Fig. 7) , with no difference in collagen II expression or proteoglycan synthesis. These observations, combined with studies showing upregulation of chondrogenic factors under dynamic compression, [43] [44] [45] provide further evidence that MSCs will respond differently in terms of matrix biosynthesis depending on the loading modality to which they are exposed.
While MSC phenotype and alterations in gene expression are important considerations, the functional performance of ECM-rich, load-bearing engineered tissues arises from a complex cascade of protein translation, post-translational modifications, extracellular secretion and assembly, incorporation into the biomaterial scaffolding, and finally higher-order assembly and stabilization (e.g., collagen fibrillogenesis and cross-linking). Concurrent with the upregulation of collagen I gene expression, we observed increases in the production and incorporation of collagen with dynamic tensile loading (Fig. 4) . These increases in total collagen content contributed to improvements in the tensile properties of nanofibrous constructs at week 10 ( Fig. 6) . Importantly, these increases occurred despite decreases in stiffness (6%) and modulus (13%) observed in acellular scaffolds exposed to the same loading regimen. Although the increase in stiffness can be partially accounted for by the increased collagen content, 62 dynamic loading also upregulated the expression of lysyl oxidase, which serves to crosslink and stabilize collagen networks. The degree of collagen fibril assembly that occurs within aligned nanofibrous scaffolds, and the activity of matrix-modifiers such as lysyl oxidase, both likely contribute to the resultant mechanical properties of tissue engineered constructs, and as such, are current subjects of investigation. Understanding the effect of mechanical forces at both the cellular (phenotype and biosynthetic activity) and tissue (matrix assembly, modification, and remodeling) levels in the context of an engineered construct may provide insights into how development proceeds in normal or diseased states, and will ultimately allow us to engineer tissues that better approximate the hierarchy, organization, and functional properties of native tissues.
The bioreactor employed in this study was designed with several features to enable ease of operation. Specifically, the modular design enabled simultaneous loading of multiple samples and straightforward insertion and removal of experimental groups. However, this design required the placement of constructs in fixtures in close proximity, presenting limitations in media diffusion under static culture conditions. 63 To maintain such arrayed constructs for the 4-week loading period while providing nutrient/waste transfer to centrally located constructs, dynamic culture conditions were employed during periods of rest. Perpetual agitation of the culture medium triggered a marked loss in GAG content (Figs. 4 and 5) , an ECM component crucial to tissue compressive properties. Further, the depletion of GAGs may have impacted MSC gene expression, as collagen II expression decreased markedly in both loaded and nonloaded samples (Fig.  7) . As meniscal fibrocartilage experiences both tensile and compressive forces at the same time, the removal of GAG from the ECM should be considered. Nerurkar et al. investigated the use of dynamic culture conditions toward enhancing cell infiltration and observed an identical loss of GAGs to the culture medium. 64 However, within 2 weeks of returning constructs to static conditions, GAGs were restored to levels on par with controls cultured statically for the duration of the study, suggesting the ready capacity of MSCs to synthesize this key matrix component.
While the positive changes in mechanical properties elicited by dynamic loading are encouraging (Fig. 6) , the improvement in tensile modulus was 16% (compared to nonloaded controls), only slightly narrowing the gap between engineered fibrocartilage (35 MPa) and native meniscus tissue that possesses a fiber direction modulus between 65-80 MPa. 13 That being said, this study explored only one possible loading regimen (6%, 1 Hz, 3 h/day). It is plausible that a different combination of peak strain, frequency, and duty cycle applied over a longer duration would elicit a more dramatic cellular response and subsequent tissue maturation. In this work, 6% strain was chosen based on the deformations seen in the circumferential direction of the meniscus, 14, 15 a value that is not necessarily optimized for MSCs on these scaffolds or at their current differentiation state. More recent studies in the meniscus have demonstrated that relative to macroscale tissue deformations, the microscale strains experienced by resident cells is highly varied and dependent upon the location of the cell relative to collagen fiber bundles and interstitial matrix. 65 Recently, we have begun to investigate how macroscale scaffold deformations translate to cellular and subcellular changes in MSCs on nanofibrous topographies. 66 While these studies were limited to surface-seeded cells, future studies employing such a macro-to-microscale approach to investigate MSC deformations in three-dimensional constructs will provide insights on how strain is transduced at the cellular level. Provided an understanding of this relationship, a systematic parameterization of loading regimens could then be explored 1452 BAKER ET AL.
to identify the strain levels and frequencies that best drive ECM biosynthesis and assembly by resident MSCs. An additional parameter that may play a role in determining how MSCs respond to tensile loading is the duration of preculture. In this study, 6 weeks of preculture was selected as it was a duration sufficient for cell colonization and elaboration of a functional, load-bearing ECM. MSCs will likely respond differently to external forces depending on the amount and character of their surrounding matrix. These differences could arise from the evolving mechanical properties of the surrounding matrix, which would dictate how loads are transferred through the ECM and to constituent cells. Alternatively, the presence and quantity of specific matrix components modulates cell-matrix adhesions, and this in turn will likely regulate mechanotransduction. 67 For example, Huang et al. found that MSCs responded favorably to dynamic compression in a three-dimensional hydrogel only after chondrogenesis had occurred. 57 Thus, the ideal preculture period and phenotypic status of the cells at the onset of loading requires further investigation.
Beyond demonstrating the potential for improving tissue construct maturation with mechanical stimulation, results from this study may have implications outside the realm of engineering in vitro tissues. In the case of implantation of an acellular scaffold into a load-bearing site, questions regarding patient rehabilitation arise. The improvements in construct development observed with mechanical stimulation in this study imply that as host cells colonize the implant, the dynamic tensile loading experienced with physiologic motion may have a beneficial effect in accelerating tissue regeneration and restoring mechanical function to the tissue. Indeed, the minimal loss in mechanical properties with repetitive loading suggests that the scaffolds are sufficiently robust to bear load when situated in a meniscal defect. On a more fundamental level, dynamic loading of aligned nanofibrous constructs can serve as model system for understanding how three-dimensional tissues composed of aligned arrays of cells embedded within organized ECM respond to mechanical stimuli and modulate their extracellular environment. Such a system provides a more controlled and experimentally compliant approach to studying mechanotransduction, as compared to studies performed with native tissues that are susceptible to donor variability and intratissue regionality. Future studies using this system will provide insights into the intricate interplay between cells, the extracellular microenvironment, and mechanical perturbations. Coming full circle, elucidation of the signaling mechanisms underlying the biosynthetic response of MSCs to mechanical inputs could then be applied in identifying the timing and parameters of an optimized loading regimen for improving the in vitro maturation of engineered tissues for meniscus and other fibrous tissue repair.
